We will show that near-source excitation of atmospheric oscillations at periods of about 300 s is physically feasible for a reasonable model of volcanic eruptions. bo   '  '  '  !  ,  ,  ,  I  ,  ,  ,  I  ,  ,  ,  I These results are summarized in Table 1 . Considering these observations, we conclude that excitation of atmospheric oscillations with periods of about 300 s is fairly common.
Summary of Observations

Theory
We consider a simple problem of free oscillations of isothermal (temperature To) atmosphere under constant gravity, g. Although the isothermal atmosphere is simple, its density stratification caused by gravity provides the key mechanism for excitation and propagation of acoustic waves and internal gravity waves; it is useful for understanding how the two characteristic frequencies, toa and tot,, control the near-source oscillations. In the lower part of the Earth's atmosphere, the temperature gradient, about 6.5øK km -1, is smaller than the adiabatic lapse rate, about 10øK km -1, and the difference provides buoyancy necessary for generation of internal gravity waves. If we are to investigate the Lamb pulse at far field, however, it is From the first two equations of (6), and using equations (7) and (8), we obtain
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Eliminating p from the third equation of (6) A volcanic eruption injects both mass and thermal energy. The mass injection source represents injection of net mass and affects p only. Injection of energy affects both p through thermal expansion and p through compressibility. If we denote the heat injected per unit mass by 87, then c 2 1 1 6q = dp + • dp (19)
Thus if dp=O, then the energy injection source is equivalent to the mass injection source except for the constant factor c2/(7-1). However, in general, dp, For an observer at r=0, roc=rot,, and we obtain p(O,z,t) = iroF M exp -2Hs Figures 5d and 5f show the corresponding spectra.
The results shown in Figure 5 can be interpreted as follows. At r=0, only the acoustic mode can be observed (Figures 5a and 5b) . From the dispersion relation (13), we obtain to=toa when k=0, and rn=0. As shown by (16) this corresponds to an acoustic vertical oscillation. From (13), we can show that the horizontal phase velocity is oo and the group velocity is 0 for this oscillation. The absence of a peak at to=tob may be somewhat counterintuitive because one would expect vertical oscillation of a parcel of air at to=-tob near the source. However, for vertical buoyancy oscillation in isothermal atmosphere the horizontal and vertical pressure gradients vanish, resulting in no pressure perturbation (Figure 6a ). Even if a rigid surface and a temperature stratification are included in the model, we suspect that the pressure perturbation at to=-tob would be very small at r=0, because of the very nature of the internal wave illustrated in Figure 6 .
At r=(zs-z ) (Figures 5c and 5d ), the oscillation with to=toc dominates. This is exactly what is expected for internal gravity waves as illustrated in Figure 6b . For internal gravity waves the phase velocity vector and group velocity vector are approximately perpendicular to each other; they are exactly perpendicular for incompressible fluid [Gill, 1982, p. 131 ]. The oscillation is in the direction of the group velocity vector. Thus at point P, the dominant frequency is determined by oscillation in the direction of SP. Since the component of gravity in this direction is gcostp=-g(zs-z)/R, the dominant frequency of the gravity mode to be observed at this point is toc=tot,eosq. Our result (Figure 5d ) shows a dominant peak at t0=o•c, as expected, with smaller peaks at to=toa and tot,. The acoustic mode at to•tOa can be explained in the same way as that at r=0. However, the peak at to=tot, cannot be explained by the simple geometry shown in Figure 6b . We suggest that when the step function mass injection is given at S, the mode at to--tot, is preferentially excited at the source, and the energy is carded by either acoustic or gravity wave. At a large distance, r=6(Zs-Z), the mode at to=toc becomes very long period, leaving only the two peaks at to=tot, and o.)=-to a in the frequency band of our interest, as shown in Figure 5f . Figure 7 shows the spectra at various distances (i.e., various •) and illustrates the situation described above. In general, the gravity mode with to=toc dominates, and the peaks at to=toa and tot, are relatively minor. However, the peaks at to=toa and tot,, though minor, are always at about the same frequency regardless of • but t0c varies with • very rapidly. Thus when the source has some vertical extent, or the air wave energy is coupled to the ground over some distance around the source, the mode at to=toc will not show up as a distinct peak, but the modes at co=toa and tot, yield a distinct spectral peak.
The ratio to t,/toa is about 0.9 for an isothermal atmosphere so that two nearby spectral peaks are expected.
The peaks at 230 and 270 s observed for the 1991 Pinatubo eruption correspond to the oscillations at these frequencies. The difference between the ratio of the observed periods and of the computed periods is not surprising considering the difference between the real atmosphere and the simple model used here.
Inclusion of the Earth's surface at z=0 would not affect the above conclusion significantly but would yield a surface wave which propagates at velocity c (Lamb wave). The Earth's surface requires the rigid boundary condition for atmosphere, w=0 at z=0, which, for a horizontally propagating plane wave, requires w to vanish at all z [Pekeris, 1948b] . In this case, from equation ( 
We carried out integration numerically (see Appendix B), and the result is shown in Figure 8 . As is expected from the integrand of (29), the spectrum is dominated by a peak at COb, with a minor peak at 00a. The peak at 00a is due to contribution from C given by ( the Lamb pulse dominates so that the gravity waves that• follow it would not be recognized. This is why all the previous studies were on the Lamb pulse only. The energy release during a volcanic eruption is more complex than represented by the p0 and p l sources. Nevertheless, the predicted pressure change, 50 to 100 Pa (0.5 to 1 mbar), is of the right order of magnitude. This result is encouraging in that a more derailed calculation using realistic models of eruption and the Earth's atmosphere will provide a good estimate of the total amount of eruption energy from seismological pressure measurements.
Since the eruption of Mount Pinatubo was a long continuous process, one would expect a complex turbulent thermal perturbation. However, a satellite image of Mount Pinatubo taken by the National Oceanic and Atmospheric Administration (NOAA) at 1030 GMT on June 15 indicates a relatively simple circular temperature perturbation associated with the eruption extending over a distance of 300 to 500 km from the summit (Figure 11 ) [Matson et al. 1991 ]. We computed the spatial variation of pressure as a function of distance using equations (24) and (25). The result is shown in Figure 12 . In this computation we used a step function source; consequently, the pattern is relatively simple. Nevertheless, the overall feature of the satellite image could be reproduced.
Discussion and Conclusions
We have shown that atmospheric oscillations with about 100 Pa (1 mbar) amplitude can be excited by injection of energy of the order of 1017 J. This supports our primary conjecture that the thermal energy from the eruption and the acoustic and buoyancy restoring forces of the atmosphere are the cause of the observed oscillations.
We did not discuss the acoustic coupling between the atmospheric oscillations and seismic Rayleigh waves.
However, the near vertical oscillation near the source can be modeled as a vertical single force. Kanarnori and Mori [ 1992] showed that the amplitude of the observed Rayleigh waves is consistent with the pressure change of about 300 Pa (3 mbar) estimated for the Pinatubo eruption. We believe that this simple explanation is adequate to explain acoustic coupling.
As mentioned earlier, the near-source oscillations discussed in this paper decay more quickly than Lamb pulse so that only the Lamb pulse would be observed with a barograph placed at far field. In the Pinatubo case, the energy of the near-source oscillations was coupled to the ground near the source, propagated to far field, and observed with modern wide dynamic-range seismographs rather than barographs. In a way, the Earth as a whole worked as a barograph which detected near-source atmospheric oscillations. As shown by Figures 5a and 5b , the acoustic mode dominates near the source. Since the horizontal phase velocity of this mode is very large near the source, the energy couples to the ground efficiently. This is why the shorter-period acoustic mode dominates in the Pinatubo record, as shown in Figure 2 . In contrast, a single peak at 300 s was observed for the Mount St. Helens and, possibly, the Krakatoa eruptions. In these cases, pressure waves rather than acoustically coupled seismic waves were directly recorded with a barograph at some distance away from the source, and only the longer-period gravity mode was observed. The gravity mode dominates when the observation point is some distance away, as shown by 
